The 59-day Skylab III earth-orbital mission carried an experiment designed to observe the effects of zero-gravity on a strain of diploid human embryonic lung cells, WI-38. The experiment (NASA Exp. No. S015) was performed in a miniaturized, fully automated tissueculture laboratory package called the Woodlawn Wanderer Nine. The package, which weighed less than 10 kg, photographed two perfused cultures for 28 days using phasecontrast microscopes and 16-ram time-lapse cameras; fixed 10 perfused cultures in gluteraldehyde one at a time over a 12-day period; and returned to earth eight perfused cultures in a viable state for subsequent subculture and study. Two ground control experiments using specimens from the same clone were run simultaneously with the flight experiment in identical packages. The controls were subjected to simulated flight vibration profile within an hour after spacecraft liftoff. All packages were sealed at 1-atmosphere pressure. Analysis of the flight and control films showed no differences in mitotic index, cell cycle or migration rates. Growth curve, DNA microspectrophotometry, phase microscopy and ultrastructural studies on the fixed cultures revealed no effects of zero-gravity. Karyotyping and 9 chromosome-banding studies were performed on subcultures of the returned viable cells and these showed no significant differences from the controls. Minor unexplained differences were found in the biochemical constituents of the spent media of the flight and control experiments. Within the limits of this experimental design it was found that the zerogravity environment produced no detectable effects on WI-38.
INTRODU CTION
The advent of satellites has awakened and renewed interest in the effects of gravity on living material. Prior to this time the major interest had been centered on the effects of increased gravity on living material as simulated by acceleration in various types of centrifuges. These studies began as early as 1806 when Knight {1) used waterdriven centrifuges to demonstrate that it was the direction of the gravitational vector that oriented the growth of plants. In 1883, E. Pfluger (2) performed the classic experiment of maintaining a 'To whom requests for reprints should be addressed. (3) , working at Princeton, designed and constructed a centrifuge microscope. This instrument or modifications of it has been used to study the effects of acceleration on sea-urchin eggs and amoebae {4-7k Because of the buoyant effect of the media in which most specimens had been immersed during the period of acceleration, other investigators such as Matthews (8) and Wunder (9j used a variety of terrestrial forms of life in their studies. In general, as might be expected, it takes much larger increases in the gravitational field to produce detectable effects in bacteria {10) than it does to produce detectable effects in amoeba {11 D; and in the case of the more complex and heavier organisms from the size of rats to man, relatively small increments of gravity may produce measurable and/or lethal effects.
Realizing that this one flight might be the only opportunity for years to study cells in tissue culture subjected to zero-gravity, the experiment was designed to observe a variety of cell parameters that might indicate any effects of weightlessness. Although it might have been desirable to study several different strains of cells, providing hardware and experimental redundancy necessitated using only one strain. WI-38, a strain of diploid human embryonic lung cells, was chosen. The major functional aspects of the experimental design were: (aj Take time-lapse films of two cultures to observe such parameters as length of cell cycle, tb} Each day fix one of 10 cultures so that the cells could be counted after return and a growth-rate curve plotted. {c) Maintain and return eight viable cultures for subculture and study. Simultaneous ground controls were run in identical hardware for comparison with the flight experiment. The controls were subjected to a simulated flight vibration profile within an hour after spacecraft liftoff.
HARDWARE DESCRIPTION
As with most equipment developed for space flight, the design was restricted by limitations of size, weight and power while high reliability and safety standards were achieved. In addition, biological compatibility of materials and the necessity to sterilize some of the components at high temperatures were major constraints.
The hardware consisted of a single selfcontained package installed in the spacecraft command module which maintained an ambient temperature of between 10 ~ and 35 ~ C and provided electrical power. The package was sealed to maintain an internal pressure of 1 atmosphere even though the command-module pressure dropped to 1/3 atmosphere in flight. The fully loaded package weighed 10 kg and measured 40-by 19-by 17-cm IFig. 1L Internally, the package was separated into a camera-microscope section and a redundantly sealed growth-curve experiment section. Fig. 2 shows the interior arrangement with the camera-microscope section on top, the growth-curve experiment section below, and the electronic circuitry required to automate the experiments located between the two.
Camera-microscope section. The section provided two independent camera-phase microscope systems. One system photographed living cells through a 20-power microscope, the other through a 40-power microscope. Each microscope with its lamp measured only 7-by 4-by 2.5-cm. The resulting phase-contrast image was projected onto 16-ram film. The film was supplied by a film pack containing two 100-m rolls of Kodak type 2496 black-and-white film. Independent timers controlled the camera filming rates. formed by a molded Viton gasket sandwiched between two round glass cover slips, each 0.18-mm thick and held together in an aluminum block. The resulting 0.105-cc chamber was 0.64 cm in diameter by 0.16 cm deep. The chamber was heated to maintain 36 ~ C (36 ~ C was chosen instead of 37 ~ C to reduce any effects that temperature overshoot might have on the specimen). In order to fill the chambers, culture medium containing 7000 cells per ml was injected into the chamber through a syringe. After the cells became attached to the lower glass disc, the chamber was firmly clamped into the microscope stage and the microscope was locked in a focused position.
An independent perfusion system was provided for each chamber. The system consisted of a 9.8-ml cylindrical reservoir containing a piston threaded on a screw extending the length of the cylinder. Viton 0-rings and a moled Viton seal around the piston thread prevented leakage past the piston. Every 12 hr a motor automatically advanced the screw 4.5 turns forcing 0.2 ml of fresh medium into the specimen chamber while spent medium was pulled into the vacuum created on the back side of the piston.
Growth-curve experiment section. The growth-
curve experiment and the maintenance and return of live cells were carried out in a module totally independent of the camera-microscope section. In order to provide some degree of experiment duplication and equipment redundancy, the module was separated into two identical independent assemblies, referred to as GCM-1 and GCM-2 ( Fig. 3) . Each assembly provided nine 0.5-cc culture chambers 19 mm in diameter by 1.8 mm deep. All nine chambers were installed in a holder heated to 36 ~ C. The closed system components, i.e. those components that contacted the biological materials and maintained the sterile seal, are shown in Fig. 4 with the chambers connected to the fixing valve which was in turn connected through a preheater reservoir to the larger pump for medium and to the smaller pump for fixative. These components were separable from the rest of the assembly for ease of sterilizing and filling. The cells were fed automatically by the 140-ml pump-reservoir similar in design concept to those used in the camera-microscope systems. In this case, however, the fresh medium passed through a 10-ml reservoir to be preheated before injection, thus avoiding temperature shock to the cells. The nine chambers were connected in series by tubing so that the medium of the first chamber emptied into the second which emptied into the third and so on. The spent medium returned to the back identical assemblies mounted to one plate. Interconside of the reservoir. At each feeding enough medium was supplied to provide the last chamber in the series with the fresh medium.
During the experiment a small punched tape reader initiated cycles in which a device called a fixing valve rotated to another piston, thereby disconnecting one chamber at a time from the medium supply circuit and connecting it to a fixative supply. A 16-ml capacity fixative pump-reservoir then injected 1.7 ml of fixative into the chamber.
FIG. 4. Biological experiment assembly (subassembly for GCM }.
At 2-day intervals the program tape then effected similar fixation of the other chambers. Each time a culture was fixed, it no longer required feeding, and, accordingly, the tape-program reduced the amount of medium provided to the remaining culture chambers. The program tape and media pump were driven by the same motor. The tape was programmed by two rows of punched holes. When a 12-hr timer started the motor, microswitch actuators rode on the punched tape and dropped into the holes. One row of holes controlled the amount of each medium injection while the other row initiated the cycles for injecting the fixative solution.
Four of the nine chambers of each assembly were not fixed in flight, and after mission day 12 the chamber temperature was reduced to 22 ~ C with reduced feedings throughout the rest of the mission. These cells were returned live for subsequent subculturing and analysis. The temperature change to 22 ~ C was necessary to reduce both power requirements and medium consumption. Experiment S015 was originally scheduled for the 28-day Skylab II, but problems with the Skylab's solar panels caused S015 to be shifted to the 59-day Skylab III mission. To accommodate this change, 22 ~ C thermostats were added and the program tapes repunched to ration out the fixed supply of medium over the much longer period. The ground controls were, of course, run under the same conditions.
MATERIALS AND METHODS
Time-lapse films. The microscope specimens were photographed the first 28 days of flight. The camera of the 20-power microscope operated continuously exposing one frame every 3.2 min; the 40-power operated at 5 frames per min for a 40-min period once every 12 hr. Cells were counted on the projected image every 3 hr of recorded 20X film. When the cells reached confluency, counting became difficult because cells in close contact were not clearly distinguishable from each other. Consequently, further cell multiplication was determined by adding up the number of observed mitoses. For this purpose the time and location of every mitosis in the field were recorded. Mitotic activity was calculated from the average cell density and the number of observed mitoses during a given time interval.
The length of individual cell cycles was determined by projection of the film, the real time between frames being a known quantity. Individual cells undergoing mitosis were followed to their previous mitosis or until they could not be dearly distinguished because they were in close contact with other cells. The rate of cell migration was studied by covering the projection screen with paper and tracing the location of the nucleus of individual cells every hour. The displacements then were measured and tabulated. From these data average rates of migration were calculated for individual cells as well as for a given time interval.
Growth-curve experiments. Both GCM-1 and GCM-2 were filled with cultures of passage number 13 mycoplasma-free WI-38 cells obtained from the laboratory of Dr. Leonard Hayflick, Department of Medical Microbiology, Stanford University. The cells were trypsinized with 0.125% trypsin in phosphate-buffered saline with 0.02% versene. The cells were thoroughly agitated and suspended in Earle's BME buffered with 28 mM HEPES and supplemented with 10% fetal bovine serum and penicillin {100 U per ml) and streptomycin (100 tag per ml). The cells in this suspension were counted in a hemacytometer and then diluted to provide a final concentration of 1000 cells per ml. This concentration of cells then was injected into the chamber and allowed to attach to the glass cover slips. After attachment of the cells, the cell population of each chamber was determined by counting the cells with the aid of phasecontrast microscopy. For this purpose a 1-ml grid reticle was placed in the 10X eyepiece of the microscope, and a total of 16 areas were counted by moving the chamber in a 4-by-4 pattern. After counting 16 areas, the average cell number per area and the 24 standard error were calculated. Areas outside of the 24 limits were rejected and a new average was calculated. This average was multiplied by a factor of 210 to give the number of cells per cm 2 in each chamber. Since there were no cultures fixed on day 1, the average cell count of the five chambers was used as the point on the growth curve for day 1. In flight one culture was fixed each day (except day 2) with 5% glutaraldehyde in Earle's balanced salt solution as follows: GCM-1 on days 3, 5, 7, 9 and 11; GCM-2 on days 4, 6, 8, 10 and 12. This alternating fixation schedule would provide a complete growth curve even in the event of failure of one GCM assembly.
When the hardware was returned to the laboratory after the flight, the cell population of each fixed culture was again determined in the same manner as the initial cell count with one exception. When a population of 10,000 cells per cm 2 was attained, counting was performed at a higher magnification by using the same grid reticle in a 15X eyepiece instead of the 10X eyepiece. The average number of cells per area then was mutliplied by a factor of 400 to give the number of cells per cm 2. The final number of cells per cm 2 for each chamber then was plotted on 3-cycle semilogarithmic paper corresponding to the day on which particular culture was fixed.
Further analysis of fixed cultures. After counting, the whole cover slip of each fixed culture with attached cell monolayers in 4% glutaraldehyde in a cacodylate buffer was scored with a diamond pencil and broken into four quarters. Three of the four quarters were stored in 4% ghtaraldehyde and used for scanning-electron microscopy, phase microscopy and microspectrophotometry. The remaining quarter was prepared for transmissionelectron microscopy.
The cover slips for transmission-electron microscopy were postfixed in Palade's osmium tetroxide fixative I12) for 20 min. Sections from these preparations were stained with uranyl acetate and lead citrate ~13) and examined with a transmission-electron microscope.
For scanning-electron microscopy the cells were fixed in glutaraldehyde and Palade's solution. They then were dehydrated in graded alcohols and, after absolute alcohol, they were transferred to a mixture of absolute ethanol and amyl acetate. This was followed by two changes of amyl acetate and subsequent critical-point drying, utilizing liquid carbon dioxide and a critical-point drying apparatus (14) . After critical-point drying, the cover slips were removed from the drying chamber and coated with gold and palladium in an evaporator. The dried and coated specimens were examined with a scanning-electron microscope.
For phase microscopy the cells were fixed with glutaraldehyde and osmic acid as for electron microscopy. After osmic-acid fixation the cells were rinsed in distilled water and mounted in a gelatin-phenol mixture (15}. The cells were examined with regular phase, anoptral phase and interference microscopy.
Analysis of returned live cells.
Chromosome analyses were performed on cells from preflight cultures and from control cultures and on cells from postflight subcultures of the flight cultures. The cultures were incubated overnight with fresh growth medium, and then harvested by standard colchimid arrest and hypotonic treatment procedures. Air-dried slides obtained from the cultures were treated with either urea 06} or trypsin (17) to obtain G-banding patterns. C-band patterns were obtained by the alkaline-SSC denaturationrenaturation procedure ~18). All slides were coded before analysis and banding pattern data recorded by number to reduce bias. At least 50 cells were counted from each culture lot to determine the 2n count. Five cells from each control culture were analyzed for G-band pattern and 10 ceils were analyzed for C-band pattern. At least 10 cells of the flight culture were analyzed for Gband pattern and 20 cells were analyzed for Cband pattern.
Scanning microspectrophotometry was used to compare semiquantitative data from Feulgenstained nuclei of human tissue cultured cells grown during space flight with matched ground controls (19-23}. In-flight and control specimens obtained on mission days 3, 6, 7, 10 and 11 were used for this study. Scanning microspectrophotometry was performed on selected areas of the nuclei using a scanning microscope photometer having a 1-micron measuring spot at 1-micron intervals at 540 nm. Selected area scans of approximately 50 nuclei were obtained for each population of cells. Various computer programs were used for additional editing, raw data printout matrices and statistical analysis of the data.
Tissue-cultured cells stained with Schiff's reagent using a modified Feulgen procedure were used for this study. To identify deoxyribonucleic acid (DNA) Schiff-positive sites in glutaraldehyde-fixed cells, it was necessary to modify the standard Feulgen reaction by addition of a prestaining oxidation with acidified hydrogen peroxide (H~O2), a modification of procedure described by Pool (24) . Samples of the spent medium were analyzed in the SMA-12 autoanalyzer and amino-acid analyses were performed. These results were compared with similar analyses of freshly prepared medium.
RESULTS
Growth-curve analysis. Film data analysis. Table 1 analysis. As can be seen, there are no significant differences between the flight and the control. Table 2 compares the migration rates of cells. In each case the migration rates are comparable.
The flight and control films were independently reviewed by several scientists. No differences between the flight and control films were observed for such cellular parameters as vacuole formation, mitosis, cell movement, cell size, nuclear size and location; nucleolar size, shape, location and number; presence and location of cytoplasmic organdies, sol-gel state of the cytoplasm and cellular behavior on contact as confluence in each culture was reached.
Chromosome-banding pattern analysis of returned subcultured cells. The normal G-band and Microspectrophotometry. The average optical density value for the 15 determinations from each nucleus was obtained. This value then was used to obtain a mean and _+1 standard deviation {SD} for each population. The results are shown in Table  3 .
Medium analysis. Table 4 shows the results of SMA-12 analysis of the freshly prepared medium, the spent flight medium and the spent control medium. The freshly prepared medium differs from the two spent medium samples mainly in a higher glucose concentration. There is an unexplained difference in glucose concentration in the spent control culture medium (75 mg% ) and the control medium (93% L Otherwise, there is no significant difference between the spent flight medium and the spent control medium. Table 5 gives the resuits of the amino-acid analyses for the freshly prepared medium, the spent flight medium and the spent control medium. There appear to be no significant differences between the two samples of spent medium. The zero-gravity environment during this space flight produced no observable differences in the flight cells as compared with the ground controls. Both flight and control cells showed identical morphologic changes during the period of the experiment. These changes can be attributed to age and population density of the cultures and are similar to aging changes in WI-38 cells described by Lipetz and Christofalo (25) .
